Introduction
8-Anilino-1-naphthalenesulfonate (ANS) is one of the most frequently used hydrophobic fluorescent probes for examining the nonpolar character of proteins and membranes, which can strongly bind to cationic groups of water-soluble proteins and polyamino acids through ion-pair formation. [1] [2] [3] [4] It was used to stain proteins in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE); the method is simpler and more rapid than the conventional procedure using Coomassie blue or amid black. 5, 6 The chemical structure of ANS is shown in Fig. 1 ; the sulfonate group is viewed as a solubilizing group for what would otherwise be a nearly water-insoluble anilinonaphtalene moiety. In fact, ANS binding to proteins depends mainly on the protein cationic charge and the pH of the solution, and occurs largely through the ANS sulfonate group. 4 Also, the formation of the complex between this hydrophobic fluorescent probe and the exposed hydrophobic site on the surface of native protein molecules could result in a considerable increase of the dye fluorescent intensity and a blue shift of its fluorescent spectrum. [7] [8] [9] The staining method developed by Daban et al. allows the detection of less than 0.2 μg of histone per band in SDS-PAGE, which approaches the sensitivity of Coomassie blue staining. In addition, ANS visualized protein bands are stable, which allows further analysis of the bands. 5 However, the conventional protein staining process, which has low sensitivity and is time consuming can not satisfy the requirements in the rapidly growing field of proteomics. Therefore, in this study, we optimized the operation step and solvent composition for the fixing and staining steps of the ANS stain. As a result, a better signal-to-background ratio with improved staining sensitivity was achieved by the optimized staining technique; less than 1 -2 ng of the protein band can be detected, and with a minimized staining time in which all of the protocol can be finished in 40 min. Here, the optimized ANS stain was also compared with results obtained from the original protocol with respect to the limit of detection (LOD) for low nanogram amounts of protein.
Furthermore, unlike silver staining techniques, using glutaraldehyde or a formaldebyde-based fixative, ANS does not produce any chemical modification of the protein, 5 which can be allowed for subsequent analysis of stained proteins by MALDI-TOF MS. Overall, using this approach we were able to demonstrate that the optimized ANS stain is a sensitive, reliable and cheap tool to perform quantitative proteome analysis in analytical biochemistry.
Experimental

Regents and chemicals
Acrylamide, Bis, N,N,N′,N′-tetramethylethylenediamine (TEMED), ammonium persulfate (APS), Tris base, glycine, SDS, iodoacetamide, glycerol, trichloroacetic acid (TCA), bromophenol blue, ammonium bicarbonate, trypsin, Coomassie brilliant blue G (CBBG), SYPRO Ruby and molecular-weight marker proteins (SDS6H2), including myosin (rabbit muscle, 205 kDa), β-galactosidase (escherichia coli, 116 kDa), phosphorylase b (rabbit muscle, 97 kDa), BSA (bovine, 71 kDa), ovalbumin (egg, 43 kDa), and carbonic anhydrase (bovine erythrocytes, 29 kDa), were purchased from SigmaAldrich Chemical Co. (St. Louis, MO). 3-[(3-Cholamidopropyl)-dimethylammonio]-1-propanesulfonate hydrate (CHAPS), Sweden). ANS (Cat # A3125) was from Sigma Chemical Co. All other chemicals used were of analytical grade, and were obtained from various commercial sources.
Preparation and separation of protein sample in 1-D SDS-PAGE
Molecular weight marker proteins (SDS6H2) were dissolved in a buffer containing 60 mM Tris, pH 6.8, 25% glycerol, 2% SDS, 2% β-mercaptoethanol, and 0.01% bromophenol blue for 1-D electrophoresis. Two-fold serial dilutions of standard proteins were loaded onto the gel lanes from 1 to 500 ng, respectively. Electrophoresis was carried out on polyacrylamide slab gels (60 × 80 × 0.75 mm) using the discontinuous buffer system of Laemmli. 10 The 4.5% stacking gel was overlaid on a separating gel of 10% polyacrylamide with an acrylamide:Bis ratio of 30:0.8. The running buffer consisted of 0.025 M Tris, 0.2 M glycine, and 0.1% SDS. The gels were run in a Mini-protein III dual slab cell (Bio-Rad Lab., Hercules, CA) at a constant current of 22 mA per slab gel using a Power PAC 300 (Bio-Rad Lab.).
Preparation and separation of protein sample in 2-D SDS-PAGE
Human embryonic kidney cells (HEK-293) were selected for 2-D SDS-PAGE analysis.
Proteins were extracted and solubilized from HEK-293 cells using lysis buffer containing 50 mM Tris, pH 7.5, 1 mM EDTA, and 0.4 mM PMSF. The protein amount was determined by Bradford's method using the Bio-Rad protein assay kit (Bio-Rad Lab.).
11 Then, the sample was dissolved in IPG rehydration buffer for isoelectric focusing using a horizontal electrophoresis Ettan IPGphor II system (Amersham Biosciences).
Upon completion of the 1-D electrophoresis, strips were equilibrated and then transferred to the 2-D system, the separating gel of 11.5% polyacrylamide. Electrophoresis was performed at a constant current of 22 mA per slab gel using power PAC 300 (Bio-Rad Lab.) with a running buffer consisting of 0.025 M Tris, 0.2 M glycine, and 0.1% SDS.
ANS staining protocol
The staining method was essentially according to Daban et al. 5 After electrophoresis, the slab gels were immersed in 100 mL of staining solution containing 90 μg/mL ANS in 10 mM Tris-HCl, pH 7.4. This solution was prepared before use by the dilution of a fresh stock solution of ANS (1 mg/mL) in water. The gels were stained for 30 min at room temperature. They were then washed with several changes of deionized water (DW) in a rotatory shaker for 30 min.
Colloidal CBBG staining protocol
Colloidal CBBG staining was performed using a method of Neuhoff et al. 12 After gel electrophoresis, the gels were fixed in 50 mL (200 mL for 2-D gel) of 12% w/v TCA for 1 h. The staining solution was prepared from 160 mL of 0.1% w/v CBBG in 2% w/v phosphoric acid, 10% w/v ammonium sulfate and 40 mL methanol (MeOH) adjusted to a final volume of 200 mL. The fixed gels were stained in 50 mL (200 mL for 2-D gel) of the staining solution above for 2 h, and briefly washed with 25% v/v MeOH in DW. The stained gels were dried by using the gel dryer on a filter paper under a vacuum at 65 C for 40 min.
Optimized ANS staining protocol
Electrophoretic gels were fixed by 100 mL (400 mL for 2-D gel) of fixing solution containing 40% ethanol (EtOH)/10% acetic acid (HAc) for 20 min, and washed by two changes of 100 mL (400 mL for 2-D gel) DW for 5 min each. The fixed gels were then immersed in 100 mL (400 mL for 2-D gel) of a staining solution containing 0.002% ANS by diluting the stock dye solution of 0.2% ANS (in EtOH) with 24% EtOH/7% HAc for 10 min. After staining, gels were briefly washed by DW for 1 min. All steps were performed with a solution volume equivalent to ∼10-fold excess of the gel volume.
SYPRO Ruby staining protocol
The staining method was essentially according to Berggren et al. 13 2-D gels were fixed after electrophoresis using 400 mL of a 10% MeOH/7% HAc solution for 1 h; fixing was not required for 1-D gel before staining. 1-D electrophoretic gels were placed into 50 mL (300 mL for 2-D gel) of a SYPRO Ruby staining solution for no less than 3 h. The gels were then rinsed briefly in a 10% MeOH/7% HAc solution for 30 min. All staining and washing steps were performed with continuous gentle agitation in polypropylene dishes. The containers were wrapped with aluminum foil to avoid light exposure.
Image analysis
For colloidal CBBG stained gels, quantitation of the proteins was performed with a scanner (SIS 3800; Samsung, South Korea). Other stained gels were placed directly on a UV transilluminator (Uvitec, UK/CV-415MS), and transilluminated with 312 nm light, consequently photographed at f-stop 4.8 by a Canon PowerShot A70 camera with an HAZE 52 mm UV photographic filter. Image analysis was performed using Multi Gauge Software of Science Lab 2006 (FUJIFILM Corp., Japan).
MALDI-TOF mass spectrometry
After detecting molecular-weight marker proteins (SDS6H2) in 1-D gels with an optimized ANS stain or SYPRO Ruby stain, proteins were subjected to protease digestion and MS. In-gel digestion was performed in steps following a protocol modified by Russell et al. 14 The instrument used was a Voyager-DE STR (Perspective Biosystems, Framingham, MA). The parameters of the analysis were: mode of operation, reflector; extraction mode, delayed; polarity, positive; accelerating voltage, 20000 V; extraction delay time, 100 ns; acquisition mass range, 1000 -3000 Da; number of laser shots, 150/spectrum; calibration matrix, α-cyano-4-hydroxycinnamic acid; low mass gate, 500 Da. Protein identification was performed by searching in the National Center for Biotechnology Information (NCBI 20120513) protein database using the Mascot program (Ver. 2.2) (Matrix Science, London, UK) (http://www.matrixscience.com). The search was based on three assumptions: first, that the polypeptides are monoisotopic; second, that the peptides may be oxidized at methionine residues; and third, that the peptides are carbamidomethylated at cysteine residues. Also, one missed trypsin cleavage and a mass tolerance of 50 ppm were allowed for matching the peptide mass values. For positive identification, the score of the result of -10 × Log(p) had to be over the significance threshold level (p < 0.05).
Results and Discussion
Influence of gel fixation on ANS staining
In the presence of SDS-PAGE, a highly fluorescent gel background staining always appeared due to the ANS stain, because the SDS of the gel caused a large increase in the ANS fluorescence intensity, which decreased the contrast between the protein bands and the background. In addition, ANS binding to proteins depends mainly on the cationic charge of the protein. However, the interaction of these anionic surfactants with the protein forms a protein-surfactant complex that can greatly cease the binding of the anionic dye of ANS with the cationic group of the protein. Therefore, fixation was inevitably needed to achieve highly sensitive staining.
In order to obtain the optimal signal intensity of the ANS stain, different fixation methods were compared with the unfixed gel stained by the original ANS protocols. As shown in Fig. 1 , fixing the gels in 40% EtOH, 10% HAc followed by short-time washing in DW highly contributes to the staining performance. The signal intensity increased by approximately 32-fold and 16-fold with a clear background compared to those of the original ANS protocols, respectively. Further experiments showed that 20 min fixation followed by 10 min washing was sufficient enough to decrease the concentration of SDS in the gel. It is critical for optimal fixation performance; if not, a high background or negative staining may be observed. Therefore, the proper fixing solution in appropriate volumes (10 fold excess of the gel volume) and time must be used.
To determine whether the prolong fixing time affects the fluorescence intensity, gels were fixed with a 40% EtOH, 10% HAc fixing solution for over 24 h, and then performed by staining the gels under the same condition as described above.
However, there was no decrease in the fluorescence intensity between the fluorescent signal and the background. Thus, prolonged fixation does not affect the intensity of protein staining, making its use redundant.
Optimal ANS concentration
An optimal concentration was determined by staining with different concentrations of ANS at 0.0005, 0.001, 0.002, 0.003, and 0.004%, respectively, in a 24% EtOH/7% HAc staining solution. It was observed that 0.002% ANS gave the best result, showing the maximum staining intensity with a minimal background stain. At concentrations lower than 0.001% the intensity of protein bands was very weak. On the other hand, at concentrations higher than 0.003%, the formation of the complex between ANS and the gel matrix was greatly increased, which could result in intensive background staining. Then, the protein bands could not be clearly distinguished from the background without destaining.
Therefore, the final concentration of ANS in the staining solution was determined to be 0.002%.
Optimal composition of the staining solution and the staining time
To determine the optimal compositions of EtOH and HAc in the staining solution, gels were fixed and stained at the different compositions of the staining solution with 0.002% ANS for 10 min. With the composition of EtOH higher than 30% or lower than 20% in the staining solution, the sensitivity was greatly decreased, which is attributed to the effect of the solvent polarity on the property of ANS. This finally resulted in the decreased affinity of ANS to protein. However, the composition of HAc also affected on the protein staining. The capacity of ANS binding to protein is governed by the number of positive charges on the protein molecule, which depends on the pH of the staining solution. In a low-pH staining solution, the binding properties of organic sulfonates to protein may be greatly increased. 4 Accordingly, the optimal HAc composition of the staining solution was tested, ranging from 0 to 10%. The results show that composition less than 7% of HAc caused the ANS stain with a high background, while more than 7% caused low signal sensitivity. As a conclusion, the optimum compositions of EtOH and HAc were determined to be 24 and 7%, respectively. Furthermore, to investigate whether the addition of certain substances might contribute to the increase in the staining sensitivity, experiments to explore different additions of organic solvents (isopropanol, propylene glycol, glycerol, acetonitrile, etc.), acid components (citric acid, hydrochloric acid, ethanedioic acid, etc.), or buffering agents (Na3PO4, Na2HPO4, borate acid, Tris, etc.) to staining solutions were performed under the optimized staining conditions discussed above. Nevertheless, intensive results were not achieved through modifications of the staining solution, which suggests that the addition of these chemicals to the staining solution cannot contribute to an increase in the staining sensitivity.
In addition, the optimal staining time was evaluated from 5 to 60 min. The band intensity reached the maximum value in 10 min, and remained at a steady state for up to several hours. More than 10 min of staining resulted in a detection limit plateau, and less than 10 min was not enough to obtain the maximum sensitivity. Therefore, 10 min staining was found to be sufficient to detect all sizes of the protein tested.
Finally, a treatment with DW after staining greatly facilitates visualization of the protein bands. This is due to a decrease in the background fluorescence caused by the removal of free ANS from the gel. In fact, the background fluorescence can be fully removed by 1 min of washing in DW.
Comparison of the optimized ANS stain with the colloidal CBBG and SYPRO Ruby stain
To conduct studies on the optimized ANS stain, serial dilutions of molecular mass markers (SDS6H2) were separated in 10% SDS-PAGE, and stained by colloidal CBBG, optimized ANS and SYPRO Ruby stains. As shown in Fig. 2 , though high-intensity protein bands were achieved by SYPRO Ruby at a high amount of loading, a low number of protein bands were not detected for the unwanted high-intensity background stain. On the contrary, the intensity of optimized ANS stained protein bands obtained at a high amount protein loading was lower than that of SYPRO Ruby, but a similar protein bands intensity for a low amount of protein loading was achieved by optimized the ANS stain for its relative low background intensity. Therefore, we concluded that the detection limit of the optimized ANS stain is similar to SYPRO Ruby, which detects the 1 -2 ng/ band. However, the sensitivity of the colloidal CBBG stain was 4 -8 ng, approximately 4-folds lower compared with that of the optimized ANS stain. Moreover, the same sensitivity variation has also been obtained by three staining techniques, which decrease in the order of β-galactosidase, phosphorylase b, carbonic anhydrase, BSA and ovalbumin. However, for SYPRO Ruby detection, staining was carried out for 3 h, or to overnight followed by 30 min of destaining, and 2 h for colloidal CBBG stain subsequently after 1 h of fixing. This compared with a total of a 40 min protocol for the optimized ANS stain, which can be briefly performed by 20 min of fixing followed by 10 min of washing, and 10 min of incubation in the staining solution.
2-D gels of HEK-293 cell extract that were stained with the colloidal CBBG stain, the optimized ANS stain and the SYPRO Ruby stain generally show similar staining patterns (Fig. 3) . Majority of protein spots stained by colloidal CBBG and SYPRO Ruby are visualized by optimized ANS. Nevertheless, some proteins that were not stained, or poorly stained by colloidal CBBG and SYPRO Ruby were clearly stained by the optimized ANS stain (indicated by arrows in Fig. 3) . The differential staining of proteins is primarily due to the different mechanisms by which each stain reacts with the protein. For SYPRO Ruby, SYPRO Ruby dye is part of a ruthenium complex, which can interact nonconvalently with the basic amino acid in proteins by a CBB-type mechanism, exactly like that of colloidal CBBG. 15, 16 However, the binding of ANS to the protein comes from both its negative-charged sulfonate and the nonpolar anilinonaphthalene groups. In detail, firstly, ANS was shown to dominantly bind to proteins through ion pair formation at acidic pH by a CBB-type mechanism, which is similar to that of colloidal CBBG and SYPRO Ruby. Secondly, ANS is also assumed to act as a hydrophobic probe, which can increase the fluorescent intensity through the formation of a complex between this hydrophobic probe and the exposed hydrophobic site on the surface of the protein. 4, 9 Overall, a successful visualization of proteins from HEK-293 cells can be a good demonstration for a wide applicability of this staining method.
Reproducibility and linear dynamic range
Productive experiments of colloidal CBBG, optimized ANS and SYPRO Ruby stains were performed by consecutive staining for 5 pieces of differently separated 1-D and 2-D SDS polyacrylamide gels. Then, the intensities (the specific value of intensities per band volumes) of five molecule-weight standard protein bands amount at 125 ng per lane in 1-D gels and five interested protein spots in 2-D gels were estimated. The values of the RSD of protein bands (spots) in the gels stained by optimized ANS ranged from 2.28 to 5.46%, compared to SYPRO Ruby, which ranged from 2.53 to 4.75% and 2.98 to 5.86% for colloidal CBBG. The results indicate an acceptable degree of reproducibility of the optimized ANS fluorescent staining (Table 1) .
In terms of the linear dynamic range of the optimized ANS stain, twofold serial dilutions of mixed standard proteins (SDS6H2) were separated by SDS-PAGE, and then stained by optimized ANS and SYPRO Ruby stains. The linearity of the protein band intensity was analyzed by correlating different protein amounts (each band) vs. intensity (Fig. 4) . In a range of 5 standard proteins (2 -500 ng), excellent linear responses with a correlation coefficient of r >0.990, were obtained by both staining methods, which can be a demonstration for the applicability of optimized ANS in the quantitative assessment of protein.
Compatibility with MALDI-TOF mass spectrometry
In order to determine the compatibility with MALDI-TOF MS, in-gel trypsin digestion of protein bands was performed on proteins visualized with the optimized ANS stain, and compared with the same sample detected using the SYPRO Ruby stain. Peptide digests were subjected to MALDI-TOF MS, as described. High-quality peptide mass fingerprinting results were obtained by both using the optimized ANS stain and the SYPRO Ruby stain without incorporating additional steps to remove the dye from the protein samples. Tables 2 and 3 show the peptide recovery and the sequence coverage obtained for different amounts of BSA and ovalbumin (a mascot score of 4 ng BSA of both staining methods has not exceed the significance threshold, and thus it can not be received as a positive identification result). For both proteins, the recovery from optimized ANS and SYPRO Ruby stained gels was approximately equivalent at higher protein loads (e.g., greater than 32 ng/band). Moreover, when lower amounts of proteins were digested, comparable recoveries of the two techniques was also obtained, which indicates that the optimized ANS stain is fully compatible with the current protocols for protein identification by mass profiling using MALDI-TOF MS.
The aim of this study was to define a sensitive protein detection protocol with less hands-on time and reasonable cost to meet the increasing demands on high-throughput and ease of use of proteome gel stains. For this reason, we optimized the ANS staining protocol by adding the fixation step and modified the composition of the staining solution. In the ANS stain, fixation is considered to be a critical step to decrease the fluorescent background staining, which can remove buffer components, such as SDS, glycine and Tris in the gels. In term of the fixing solution, EtOH is selected because it is cheap, environmentaly benign, and easy to perform with almost no hazard to the operator. Furthermore, the classic mixture of a 40% EtOH/10% HAc solution is also widely used in the fixation step for mass analysis. 17, 18 Thus, a 40% EtOH/10% HAc solution was recommended as a fixing solution in this study. In optimization of the composition of the staining solution, the effect of the organic solvent polarity on the staining characteristics of the optimized ANS stain was investigated. The results show that the maximum signal intensity can be achieved in 24% EtOH. Moreover, it was concluded that the concentration of HAc in the staining solution is another important factor commencing the performance of the stain, which is favorable for forming the ANS-protein complex. The binding of the ANS anion to protein mainly depends on the electrostatic factors performed by the formation of ion pair between the ANS and the positively charged protein amino acid side chains, or by the protonation of a caboxylate group. In a low-pH environment, where the protein molecule amino acid side chains are cationic and the carboxyl groups are neutralized to the COOH form, thus the number of binding ANS anions to protein could be greatly increased. 4, 15 Therefore, the optimal compositions of the staining solution were decided to be as 24% EtOH/7% HAc.
Since fluorescent stains are widely used in proteomics, the ANS stain was improved to extend applications to 2-D SDS-PAGE and MS. The results show that the optimized ANS stain displays prominent contributions to peptide recovery and the identification of low-abundance proteins, and offers a similar sensitivity and linear dynamic range to that of the SYPRO Ruby stain, which was found to be superior with respect to possessing a broad linear dynamic range of quantization, and ability to identify low amounts of protein with high sequence coverage by peptide mass profiling. 15, 19 
Conclusion
In summary, the optimized ANS stain is a sensitive, rapid, economical and reliable procedure; therefore, it can be considered to be a recommendable high-throughput staining method for the visualization of proteins in proteomic exploring. 
